The corrosion resistance behavior of inhibitor enriched organically-modified silane (Ormosil) thin films on 2024-T3 aluminum alloy substrates were investigated using accelerated salt spray analysis techniques such as ASTM B117. The specified literature composition of the sol-gel mixture was used due to its appropriate inorganic/organic ratio producing a highly adherent film to the underlying AA substrate to be used on Al 2024 alloys on aircrafts. Inhibitors used were synthesized via methods described in author's previous studies.
INTRODUCTION
Conversion coatings are applied to metal surfaces to promote both adhesions of organic finishes such as paints and for corrosion protection of the metal substrate. Chromate conversion coatings even though they are very effective against corrosion are sought to be replaced due to their toxicity. As a reason, the mobility of aqueous Cr 6+ within biological systems and its reactivity with biochemical oxidation mediators make it highly toxic, carcinogenic and generally regarded as a very hazardous soil and groundwater pollutant [1] [2] [3] [4] [5] [6] . Dermatitis and skin cancer have been reported among workers merely handling components protected by a chromate film [7] . Many reviews in the literature point out to toxicity of chromates associating Cr 6+ with lung cancer. Given the toxicity and carcinogenicity of chromates, the purpose is not only to synthesize and characterize efficient corrosion inhibitors for certain alloys of certain metals to be applied in different environments, but also to find environmentally friendly corrosion inhibitors for successful chromate replacements. In this regard, the standard for an environmentally friendly inhibitor is considered as having acceptable or no toxicity compared to chromate inhibitors.
Thus, as an alternative to chromate conversion coatings, sol-gel processing grew out of the ceramics field. In this method, soluble metal salts and/or metal organic materials are used to produce a wide variety of mixed metal oxide and metal-oxide-organic composites [8] [9] [10] [11] . It is proposed that the only universal process for treating several Al alloys that is effective in various corrosion environments, is environmentally compliant, are coatings consisting of organofunctional and nonorganofunctional silanes [12] [13] [14] [15] [16] [17] [18] [19] . These coatings are a promising solution for the corrosion protection of aluminum alloys, which is a key requirement for aircraft as the U.S. Air Force extends the lifetime of its fleet [20] . The downside of epoxy silicate sol-gel coatings when compared to chromate conversion coatings is that the sol-gel films cannot passivate a damaged area [15] .
Given the toxicity and carcinogenicity of chromates, the purpose is not only to synthesize and characterize efficient corrosion inhibitors for certain alloys of certain metals to be applied in different environments, but also to find environmentally friendly corrosion inhibitors for successful chromate replacements. In this regard, the standard for an environmentally friendly inhibitor is considered as having acceptable or no toxicity compared to chromate inhibitors. Studying the reasons underlying the success of chromate inhibitors seemed to be the first reasonable approach one might take before formulating chromate replacements.
Therefore, in this study, corrosion inhibitive properties of the sol-gel coating were tried to be improved via addition of inhibitor pigments that could provide the much needed passivation and afterwards the corrosion resistance behavior of these inhibitor enriched organically-modified silane (Ormosil) thin films on 2024-T3 aluminum alloy substrates were investigated using accelerated salt spray analysis techniques.
As a consequence, inhibitors that can form insoluble oxides and hydroxides, which also have negligible toxicity levels, appeared as plausible choices such as carboxylates of trivalent chromium and zinc. It is well-known that chromates provide resistance against corrosion due to the insoluble trivalent chromium oxides and hydroxides they form as a result of a series of oxidation and reduction reactions; while zinc cations provide resistance against corrosion as well due to the insoluble zinc hydroxide precipitates that settle at cathodic sites. Additionally, carboxylates are good constituents in the formulation since gluconates and tartrates are known with their inhibition efficiencies in aquous solutions and tailoring carboxylates would also help to optimize the "window of solubility", which is the optimum solubility for a corrosion inhibitor, thus it is minimally soluble so it does not increase ionic conductivity increasing corrosion and at the same it is optimally soluble so its leaching away is not a problem and there is always sufficient amount of it available in the system. Chromium (III) is an essential nutrient, with a daily intake of 50 to 200 µg/d recommended for adults. This ion helps the body use sugar, protein, and fat. Without chromium (III) in the diet, the body loses its ability to use sugars, proteins, and fat properly, which may result in weight loss or decreased growth, improper function of the nervous system, and a diabetic-like condition. With too much intake, chromium (III) can also cause health problems but is considered about 100 to 1000 times less toxic than chromium (VI). Although each form can be converted to the other form under certain conditions, chromium (III) is not oxidized to chromium (VI) in the natural soil environment [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
Therefore, Cr(III) compounds are one of the major candidates to replace chromium(VI) based corrosion inhibitors and protective coatings if the required corrosion resistance and adhesion of organic coatings can be obtained [33] .Thus, Cr(III) compounds were investigated in this project as chromate replacements. Cr (III) is not an oxidizing agent but it will form the mixed oxides/hydroxides with the substrate in the presence of a primary passivator/oxidizing agent such as dissolved oxygen. When a primary oxidizing agent is present, the substrate can oxidize to its higher oxidation state cations producing hydroxide and the existing Cr(III) ions can react with the produced hydroxides to form a conversion coating composed of mixed oxides/hydroxides of the substrate and Cr(III) [34] [35] [36] .
As for zinc, it precipitates as zinc hydroxide at the cathodic sites inhibiting the cathodic corrosion reaction. Initially, the cathodic corrosion reaction, that is the oxygen reduction reaction, provides the OH-leading to increases in local pH values enough for the precipitation of zinc hydroxide, which is a pronounced phenomenon in the literature [37] [38] [39] [40] [41] .
MATERIAL AND METHODS / EXPERIMENTAL DETAILS / METHODOLOGY

Sol-Gel Preparation
In 1985, Wilkes et al. [42] first reported successful preparation of a new type of organic-inorganic hybrid material by the reaction of TEOS (tetraethyl ortho-silicate) and PDMS (polydimethyl siloxane), which he named "ceramers". At approximately the same time, Schmidt independently reported the successful preparation of new organic-inorganic hybrid materials which he termed "ormosils" (organically bonded or modified silicates) [43] . Ormosils are hybrid organic-inorganic materials formed through the hydrolysis and condensation of organically modified silanes with traditional alkoxide precursors [44] [45] . Later on, after other oxides such as ZrO 2 were also bonded to organic groups, Schmidt has also used the term "ormocers" [46] .
The sol-gel process, which is mainly based on inorganic polymerization reactions, is a chemical synthesis method initially used for the preparation of inorganic materials such as glasses and ceramics. Instead of using metal alkoxides as the precursor for the sol-gel reaction, alkoxysilanes are used as the only or one of the precursors and the organic groups are introduced into the inorganic network through the siliconcarbon bond in an alkoxysilane [47] [48] .
One of the attractive features of the sol-gel process is that it enables the preparation of numerous types of new organic-inorganic materials with improved thermal, mechanical, optical, and electrical properties such as host oxide materials which are either impossible or extremely difficult to synthesize by any other process [42, 43, 45, 47, 49, 50] . The numerous applications of these materials include scratch and abrasiveresistant hard coatings and special coatings for polymeric materials, metal, and glass surfaces. Specifically for mild steel [51] and aluminum 2024 alloys [45] [46] [47] [48] [49] [50] [51] [52] widespread uses of these ormosil materials have been reported.
For sol-gel coatings to be used on Al 2024 alloys on aircrafts, an alkoxide precursor with an epoxide functional group was initially chosen because of its ability to react with the chemistry of the permanent foundation layer or the primer. The downside of epoxy silicate sol-gel coatings when compared to chromate conversion coatings is that the sol-gel films cannot passivate a damaged area [42] . In principle, all functional silanes that are trialkoxy esters can be used on metals. The preferred way of applying silanes to a metal substrate is to hydrolyze a dilute solution of the silane in water first; for exa mple,
where X is an organofunctional group. The alkoxy groups are, in principle, quantitatively hydrolyzed to active silanol groups; however, if this hydrolysis is not complete, good-quality films can still be formed. The remaining ester groups will then hydrolyze when the treated metal is exposed to air. The structure of the silane, its concentration, and the pH of the silane solution has to be optimized for each combination of paint and metal. Once these parameters are determined, the film can then be obtained by dipping, spraying, brushing, or wiping the silane solution onto the metal and rinsing off the excess with water. The surface is then ready for further processing, such as painting or adhesive bonding [53] . The dipping time of the clean metal into the silane solution was reported to have no effect on the film thickness. The temperature of the silane solution was reported to have little effect on the film thickness as well. The effect of pH was also reported to be very low. The pH was expected to affect the way in which the first layer is adsorbed but was reported to have no effect on the subsequent layers or on the film thickness [53] .
Prior to this research, the corrosion resistant coatings laboratory at Oklahoma State University developed Ormosil solutions based on a 11.2 ml TEOS (tetra-ethyl-ortho-silicate or tetraethoxysilane), 15.4 ml VTMOS (vinyl-tri-methoxy-ortho-silane), 3.80 ml MEMO (3-(tri-methoxy-silyl)-propyl-methacrylate) precursor mixture using 0.05M HNO3 as the catalyst. After thorough stirring for one hour followed by drying at ambient conditions for 24 hours, the thicknesses of Ormosil films on 3 x 5 inch AA (Aluminum alloy) test coupons were reported to be approximately 10-20 microns [54] . The network structure of this ormosil contains pendant vinyl and methacrylate groups that occupy pore space and surface positions. The presence of these groups is anticipated to make the Ormosil coating hydrophobic, slowing the penetration of water and corrosion initiators [55] . Given that parameters such as pH, temperature, dipping time had very little effect on the quality of the coating; this sol-gel preparation technique has been implemented for the purposes of this study without alteration. The reagents TEOS, VTMOS, and MTMOS were purchased from Aldrich or Gelest and were used as received. Nitric acid (NF Grade, Fisher) was used to catalyze the sol-gel reaction and sodium chloride (reagent A.C.S., Spectrum) for accelerated salt spray analysis was used without further purification. 0.05 M nitric acid solution was prepared by diluting 2.60 ml concentrated nitric acid in one liter of distilled water. The specified literature composition of the sol-gel mixture was used due to its appropriate inorganic/organic ratio producing a highly adherent film to the underlying AA substrate. It is reported in the literature that highly organic films do not to adhere to the metal surface producing differences in texture at regions where gelation occurs as the sol sheets down the AA surface, presumably due to the low inorganic content and insufficient concentrations of Si-OH groups to produce covalent Si-O-Al bonds with the underlying metal surface to stabilize the sol-gel coating on the AA Panel [56] . On the other hand, Ormosils prepared from high water content did not wet the aluminum surface well due to high surface tension of the mainly aqueous sol, resulting in very thin, unevenly coated films [57] .
Incorporation of Inhibitor Pigments into Sol-Gel
The sol mixture was stirred for an hour before and another half an hour after the inhibitor pigments were added. The mixtures were than coated onto clean AA substrates by spraying with an airbrush. Pressurized air at 400 kPa was used to spray substrates from a distance of approximately 20 cm. Upright, slightly tilted substrates were sprayed several times, generally twice up and twice down with a moderate speed. Since the pigments used were all solid, it was possible to add them directly to the sol. If the pigments had to be dissolved, their solution could be prepared either in methanol or ethanol, which are byproducts of the sol-gel reaction and, thus already present in the sol mixture. An excessive concentration of the inhibiting ions in the coating however may lead to degradation of its physical and mechanical properties as well as resulting in the inhibitor being washed away from the coating. The concept of an effective, limited range of solubility for any given inhibiting additive has been called the "window of solubility". For the purposes of this study, concentrations of 0.05g, 0.10g, 0.50g, 1.0g and 2.0 g per 50 ml of sol solution have been used.
Substrate Cleaning
In order to achieve good protective action of applied layers, it is important to obtain excellent adhesion of the layer to the base metal. For this reason the substrate surface must be cleaned very well before applying the surface layer. Cleaning is done in two steps; first inorganic impurities such as oil, grease, and paint are removed from surface by using organic solvents, strongly alkaline solutions, emulsion baths, or steam cleaning. Then solid inorganic material such as rust, mill scales and other corrosion products are removed by mechanical treatment including brushing, grinding, polishing, sandblasting or by heat treatment with flames, induction heating followed by cooling to obtain sealing or by chemical pickling with strong acids [58] [59] [60] .
For degreasing the substrates, procedures commonly used in aerospace applications have been chosen, which includes removal of impurities such as oil, and grease from substrate surface by optional solvent cleaning and then by using an industrial alkaline cleaner followed by deoxidization using chemical pickling with strong acids [61] [62] .For this reason, the same degreasing method that has been used to clean aluminum substrates for weight-loss tests in the fourth chapter of this study has been employed with the sole difference of using 3 x 5 inch substrates instead of the 1 x 1 inch substrates. Thus, 3 x 5 inch coupons were first wiped off with paper towels soaked with hexane and then were wiped off again with paper towels soaked with methanol. Secondly, the substrates were soaked in an aerated Oakite-164 alkaline cleaner solution [63] (Oakite Products, Inc.) for 10 min at 150 ˚F or 65 ˚C for complete degreasing. Oakite-164 alkaline cleaner solution is one of the universal alkaline cleaners on the market that work well for carbon steel, galvanized steel, and aluminum and its alloys. Acid or neutral cleaners are less desirable because the metal oxide should have as many free hydroxyl groups as possible. These are required for the reaction with the acid silanol groups. Lastly, substrates were soaked in Deoxalume 2310 deoxidizing solution [64] for 6.5 minutes at ambient conditions under rigorous air agitation. Deoxalume solution consists of 20% HNO 3 , 10% deoxalume (Henkel Surface Technologies), and 70% H 2 O. Each of these treatments was followed by thorough rinsing for two minutes using reverse osmosis water. After spraying is done, coupons were allowed to be cured under ambient conditions for 5 days and were then taped on the edges to prevent the ingress of corrosion from underneath the coating. Cured and taped coupons were scanned for comparison purposes before placing them into the salt fog chamber.
Accelerated Salt Spray Testing
Major factors that cause degradation of the protective coatings are; UV radiation, water and moisture, temperature, aggressive ions such as chlorides. Thus, to simulate long term real life applications some of these factors are accelerated to test the corrosion protective properties of a coating. A coating can be protected from UV exposure simply by painting over it with a paint that does not transmit light. Therefore UV stress is not included in accelerated salt spray analyses [65] . Chemical stress in accelerated testing such as chloride containing salts however is important because airborne contaminants are believed to play a very minor role in aging of paints and organic coatings in general [66] . Moisture and temperature are other accelerating parameters in salt spray testing. Thus, corrosion protection properties of the sol-gel coated AA substrates were evaluated by exposing the substrates to a salt fog atmosphere generated by spraying 5% aqueous NaCl solution by weight at 35±1.7 ˚C or at 95• F for 168 hour in accordance with ASTM B117 specifications [67] . After removal from the salt fog chamber, all samples were rinsed with distilled water to remove any residues. After completion of this first ASTM B117 test, samples were scanned for later evaluation and exposed to a second ASTM B117 test totaling an exposure time of 15 days consisting of 1 week of wet + 1 day dry + 1 week of wet cycle. Comparison of scanned images of control coupons and inhibitor pigment added coupons before salt fog exposure, after completions of the first and second ASTM B117 tests revealed an exclusive evaluation of the corrosion resistive behavior of the inhibitor pigment. Resistance to corrosion for a total of 15 days of wet-dry-wet cycle is a strong indication of successful corrosion inhibition for the inhibitor pigment incorporated into the sol-gel coating.
Along with aluminum coupons, steel coupons of same size were also cleaned and placed in different parts of the salt fog chamber to be tested afterwards via weight-loss tests to make sure that the salt fog chamber conditions do not vary at different times. Graduated cylinders were also placed in the different regions inside the salt fog chambers. The amount of moisture collected by the graduated cylinder, the pH and the density of the condensate were all good indicators of how well salt-fog chamber was running.
DISCUSSION AND RESULTS
When evaluating the substrates after completion of the salt fog chamber test, direct or implicit signs of corrosion and coating degradation or failures were sought. These signs can be seen by the unaided eye such as rust through and creep from scribe marks [68] . Aluminum alloys with properly formed chromate conversion coatings regularly survive this exposure test without any visible signs of corrosion. Thicker coatings are required to protect alloys with higher copper contents. Coatings can be grown sufficiently thick to protect 7075-T6 (estimated to be 10 µm), but chromate conversion coatings cannot protect 2024-T3 sufficiently to pass salt spray testing [69] . If a coating is properly applied to a well-prepared surface and allowed to cure, then general corrosion across the intact paint surface usually is not a major concern. Hence, sol-gel coated aluminum samples prepared by the aforementioned technique were already reported to pass the ASTM B117 test with no evidence of generalized corrosion or coating delamination on unscribed control coupons after 168 hour of salt spray exposure [54] . However when the coating is scratched thus exposing the metal surface, the metal in the center of the scratch becomes a cathode because of its best access to the oxygen. The anode arises at the sides of the scratch. As a result corrosion begins at the scratch and can spread outward under coating. Therefore coatings' ability to resist this corrosion is a major concern. Accordingly, localized pitting was commonly observed on the scribed control coupons after 168 hour of salt spray exposure as the primary film failure mode.
In this study, inhibitor enriched sol-gel coated unscribed substrates were tested for comparison with unscribed control substrates, which were already reported to pass the ASTM B117 test. On the other hand, scribed inhibitor enriched sol-gel coated scribed substrates were tested to determine whether corrosion properties of sol-gel coatings were improved or not with the addition of inhibitor pigments.
Inhibitor pigments were chosen based on several factors. One of the criteria was the performance of the inhibitors in aqueous solutions. Inhibition efficiencies of these inhibitors for aluminum 2024 alloy corrosion determined by weight-loss tests were taken into account. Secondly, the water solubility values of these inhibitors were considered. As a result, zinc carboxylates, chromium carboxylates, chromium borate and chromium oxyhydroxide along with a few inorganic trivalent chromium compounds have been tested first in terms of their compatibility with the sol-gel coating and second in terms of their contribution to corrosion protection properties of the sol-gel coating. All inhibitor pigments were synthesized via techniques described in author's previous work [69] .
Zinc Carboxylates
The low water solubilities of the zinc carboxylates studied in this investigation were a good fit for sol mixture with a few exceptions. Among the five different concentrations tried 1.0g/50ml concentration of zinc mandelate resulted in a sol with gritty foam on top that clogged the nozzles of the sprayer, making it very hard to spray. An even higher 2.0g/50ml concentration of zinc mandelate made it impossible to spray, so the sol was brushed onto the substrate.
Zinc Mandelate
There was some protection with zinc mandelate for the concentration of 1.0g/50ml, while for 2.0g/50ml concentration the inhibitor precipitated. Lower concentrations of zinc mandelate seemed to result in accelerated corrosion compared to the controls.
Zinc Tartrate
In the case of zinc tartrate added to the sol-gel coated Al 2024 alloy substrates, accelerated corrosion was observed for all five tried concentrations.
Zinc Gallate
Compared to the controls, a slight improvement of corrosion inhibition was observed for higher concentrations of zinc gallate.
Chromium Gluconate Borate Derivatives
Chromium Borate
Cr(gluconate) 3 and Cr(gluconate) 3 borates were too soluble to be added to solgel, while CrBO 3 and CrO(OH) were only very little soluble making them appropriate to be added to solgel yielding very promising results as shown in Figure 1 . Images of the samples indicated no uniform corrosion and no pitting corrosion took place as evident from the very clean scratches and very clean samples in general.
In an additional attempt, the product was sieved using a sieve with a 25 micron mesh opening in addition to standard grinding, which seemed to lead to better results especially in the case of scribed samples.
In general, the results were very promising for CrBO 3 added solgel coated substrates. Total corrosion inhibition was observed in the case of unscribed samples for concentrations 0.10g/50 ml and up and as for scribed samples the scribes were clear for concentrations 0.50g/50ml and up.
Synthesized CrOOH vs Commercial Grade CrOOH
Compared to the controls and to the commercially available CrO(OH) added sol-gel coated Al 2024 substrates, the synthesized CrO(OH) added sol-gel coated substrates performed very well especially in the case of unscribed substrates and for higher concentrations of the inhibitor as shown in Figure 1 and Figure 2 . Images of the samples indicated no uniform corrosion and no pitting corrosion took place as evident from the very clean scratches and very clean samples in general.
Prolonging the curing times to improve corrosion inhibitive properties of synthesized CrO(OH) added solgel coating resulted in agglomeration of CrO(OH) particles leading to negative results. CrO(OH) particles settled out from the sol-gel coating, which was evident from the color of sol-gel coated substrates, which were not green unlike prior attempts. Shortening the stirring time of the sol mixture from one hour plus half an hour with the pigment down to one hour total revealed negative results, presumably resulting in sol particles not to be able to chemically bond with each other due to the presence of CrO(OH) pigments in the sol mixture from the beginning.
Sonicating CrO(OH) particles overnight in 0.05M HNO 3 , which is a component of the sol mixture again resulted the sol mixture gelling after half an hour of stirring with the inhibitor despite the seemingly reduced size of CrO(OH) particles. Mixing the inhibitor with the sol-gel mixture only for 3 minutes after one hour mixing of sol-gel mixture however, yielded better results. No clogging of nozzles of the sprayer also implied better coating properties. Additionally, for high concentrations the sol-gel could be easily brushed with no evidence of different textures observed on the substrate.
Chromium Carboxylates
Chromium Octanoate
Positive results were obtained for Cr(octanoate) 3 containing sol-gel coated Al 2024 substrates especially for the inhibitor concentration of 2.0g/50ml for scribed samples and of 1.0g/50ml for unscribed samples as shown in Figure 3 . The fine texture of the coating with Cr(octanoate) 3 was likely due to its relatively longer alkyl chain. However inhibitor concentration of 2.0g/50 ml seemed to be the upper limit due to formation of different textures on the substrate surface over that amount.
Chromium Caproate
Unlike Cr(octanoate) 3 , Cr(caproate) 3 revealed negative results.
Chromium Butyrate, Chromium Propionate, and Chromium Methoxyacetate
Chromium butyrate was dispersible in water although not soluble, while chromium propionate was only slightly soluble and chromium methoxyacetate was highly soluble. All three inhibitors yielded negative corrosion inhibition results when incorporated to sol-gel coating.
Chromium Acetate
Despite being highly soluble, higher concentrations of 2.0g/50 ml in case of scribed samples and both 1.0g/50 ml and 2.0g/50ml concentrations for unscribed samples revealed positive results as shown in Figure 4 . On right from top to bottom: 2 g, 1 g, and 0.5 g sieved chromium acetate added coupons, respectively.
Various Trivalent Chromium Compounds
Results were in general negative for tested chromium (III) compounds, among them were Cr 2 (B4O7)3, Cr(acetate) 2 OH and Cr(OH) 3 . Cr(acetate) 2 OH added sol-gel coated substrates performed worse than the controls.
Incorporation of 2.0g/50ml Cr(OH) 3 , which was synthesized using nanoparticulate chromium hydroxide synthesis method from chromium chloride and ammonium hydroxide, to the sol-gel coating stood out particularly for the unscribed samples in contrast to negative results obtained with other concentrations.
CONCLUSIONS
Several inhibitors, that were initially tested for corrosion inhibition of Aluminum 2024 alloy in aqueous solutions, revealed success when incorporated into the sol-gel coating including chromium borate, chromium oxyhydroxide and chromium octanoate. Specific concentrations of chromium acetate and chromium hydroxide also revealed positive results. With the addition of these inhibitors, corrosion resistance properties of the sol-gel coating increased not only against uniform corrosion demonstrated by the unscribed samples but also against crevice corrosion, that is filiform corrosion, and against pitting corrosion demonstrated by the scribed samples.
The most successful inhibitor pigments, chromium borate, chromium oxyhydroxide, and chromium octanoate, were primarily insoluble in water. Based on the weight-loss tests in aqueous solutions, 200 ppm solubility for an inhibitor pigment seemed to be an optimal solubility value to be incorporated in solgel coatings. Thus chromium propionate, then chromium butyrate and other tested chemicals, which have window of solubilities in that range, were expected to yield better results than others. Results contradicting this hypothesis indicated that the upper solubility limit for this type of sol-gel coating may not exceed even 20 ppm, since successful inhibitor pigments have less solubility than that. The least soluble chemical that is chromium octanoate yielded very good results, which suggests other factors such as successful incorporation into the sol-gel network are also very important, since there was no phase separation observed with the addition of chromium octanoate to the sol-gel. On the other hand, very aggressive environments such as salt fog chamber may have consumed all the inhibitor pigments, which have solubility values over 20 ppm due to rapid leaching.
Inhibitors with not too high water solubilities that successfully inhibited aluminum 2024 alloy corrosion in aqueous solutions have been incorporated into sol-gel coatings on aluminum 2024 substrates. Designed specially for aluminum 2024 alloy in Dr. Allen Apblett's corrosion protective coatings research laboratory, sol-gel coatings have already proven to inhibit corrosion very well. However problems arise when there is a coating failure from which corrosive chemicals can enter and initiate extensive corrosion since sol-gel coatings do not possess self-healing properties as chromate coatings do and hence they cannot inhibit corrosion by chemically reacting with corrosive agents. This result is very clear when scribed samples of sol-gel coated aluminum substrates are tested. From the scribes, which are artificial coating failures, corrosive chemicals initiate corrosion from underneath the sol-gel coating. Thus, incorporation of corrosion inhibitive pigments that can stop corrosion by chemically reacting with corrosive chemicals is of utmost importance. Several aspects of the pigments come into matter at this point. First, their successful incorporation to the sol-gel coating preventing blistering and coating degradation issues; second sufficient corrosion inhibitive properties either to prevent corrosive chemicals from initiating corrosion or to repassivate metal surface after initiation of corrosion, third their durability based on their solubilities and other chemical properties.
Among tested inhibitor pigments, which were selected based on their corrosion inhibition efficiency for aluminum 2024 alloy in aqueous solutions and their solubilities, chromium borate, chromium oxyhydroxide, and chromium octanoate stood out amongst others. All these three inhibitor pigments were successfully incorporated into the sol-gel coating; chromium oxyhydroxide's army green color was incorporated throughout the sol-gel coating evenly and chromium octanoate and chromium borate could be incorporated into the coating very well with no separate phases forming. The long alkyl chain seemed to cause chromium octanoate to fit in better compared to other tested chromium carboxylates with shorter alkyl chains, such as chromium butyrate and chromium propionate despite their solubility values that were thought to be optimum initially. Secondly, all three inhibitors successfully inhibited corrosion even at scribes, where there are coating failures.
